ABSTRACT: Bioturbation, the mixing of solutes and solids in sediments caused by movements of fauna, was studied through tracer experiments and numerical modeling. The generally accepted mathematical formulation of transport by bioturbation as a diffusive process was applied and values of the biodiffusivity (D B ) were estimated for both dissolved and solid constituencies in the same sediment. Two independent estimates were found for each constituency. For solutes, D B was determined from incubated sediment cores after addition of bromide to the overlying water and subsequent modeling of the bromide depth-distributions in the sediment. D B for solutes was also estimated by comparing interpretations of measured concentration-depth profiles and fluxes of O 2 . For solids, D B was estimated from modeling the depth-distributions of glass beads, which were added to the sediment surface in the same cores as used for the bromide tracer experiments. In addition, D B , also for solids, was determined by interpretations of 2 measured 210 Pb depth profiles. We validated our findings through sensitivity analyses and comparisons to other studies. As part of this process we tested if irrigation, the pumping activity of tube-dwelling animals, could influence our results. It is commonly assumed that the same D B value applies to both the bioturbation of solutes and solids. Our analyses, however, show clearly that the effects of bioturbation on solutes are many fold stronger than on solids, as reflected in the estimated D B value of 4.6 ± 1.0 × 10 -6 (1 SE) cm 2 s -1 for solutes and a value that is 15 to 20 times smaller for solids. The results also show that the transport of solutes by bioturbation is equally as important as molecular diffusion in the upper sediment layers (few cm). Since the density and species composition of fauna in the studied sediment were comparable to those at many other near-shore marine sites, we believe that our results are general for many sediments. We suggest that the recognized mathematical formulation of bioturbation as a diffusive process be extended to include 2 different biodiffusivities, one for solutes and one for solids.
INTRODUCTION
Transport rates of chemicals are often used in biogeochemical studies of sediments to produce estimates of variables such as fluxes over the sediment-water interface. This is obviously only possible if the active transport processes are known and if they can be quantified. Bioturbation, the diffusive-like transport of solutes and solids in sediments caused by movements of fauna, is often a significant transport process (Aller 1982 , Aller & Yingst 1985 , Aller & Aller 1992 , Forster et al. 1995 . It is commonly described mathematically as a diffusive process where the strength is expressed in the value of the biodiffusivity (D B ). The importance of bioturbation as a significant contributor to the transport in sediments is also reflected in the number of studies that have focused on finding D B values for var-ious sediments (Middelburg et al. 1997) . Despite the large variability in D B values, studies have successfully correlated D B to key parameters such as sedimentation rate (Boudreau 1994 (Boudreau , 1997 or water depth (Middelburg et al. 1997) .
The generally accepted 1-dimensional and nonsteady-state mass conservation equation that accounts for the transport of solutes by molecular diffusion and bioturbation (Dhakar & Burdige 1996 , Soetaert et al. 1996 , Boudreau 1997 ) is as follows: (1) where ϕ is porosity, C pore water concentration, t time, x depth, D s molecular diffusivity corrected for tortuosity, and D B biodiffusivity. The equivalent equation for solids yields: (2) where B is the amount of mass of the species per unit volume of solid sediment (Berner 1980 , Dhakar & Burdige 1996 , Soetaert et al. 1996 , Boudreau 1997 . In both equations, ϕ is assumed to be constant with time, and advective transport processes are neglected. For further details about these equations see, for example, Boudreau (1997) .
Unlike molecular diffusion, bioturbation affects both solutes and solids, and the strength or intensity of bioturbation is commonly assumed to be the same for both (Berner 1980 , Dhakar & Burdige 1996 , Soetaert et al. 1996 , Boudreau 1997 ). However, a comparison of recent studies where D B has been estimated from experiments either with solid tracers (e.g., 210 Pb) or dissolved tracers (e.g., Br -or Cl -) indicates that this may not always be true. Middelburg et al. (1997) compiled a large selection (n = 132) of 210 Pb tracer measurements and found a mean D B value for shallow waters (<100 m) between 3 × 10 -7 and 6 × 10 -7 cm 2 s -1
. In another study, also based on 210 Pb measurements, Mulsow et al. (1998) found D B values ranging from 3 × 10 -9 to 4 × 10 -7 cm 2 s -1 (water depth ~230 to 830 m, n = 14). Other studies involving dissolved tracers have shown that fauna can enhance the transport in sediments, with resulting rates that are several times higher than what can be accounted for by molecular diffusion alone (Aller & Aller 1992 , Forster et al. 1995 , Glud & Fenchel 1999 . This enhanced transport of solutes is equivalent to D B values on the order of 10 -6 to 10 -4 cm 2 s -1
. Although the effects of irrigation, the exchange of pore water and bottom water caused by pumping activity of tubedwelling animals, might explain some of the largest differences between such estimated D B values for solids and for solutes, we believe the differences are real and reflect that fauna, primarily meiofauna, can move pore water at higher rates than solid components.
The generally accepted mathematical formulation of bioturbation as a transport process is based on the assumptions that the movements of fauna are random and that the resulting bulk mixing of sediment (solutes and solids) happens on a size scale that is small relative to the scale adapted when using the formulation. These are the essential assumptions that allow the complex mixing processes to be described as a simple diffusive process. The validity of the assumptions is shown to be correct by the successful use of the formulation in numerous studies. Although water is not a particularly easy-flowing liquid at a small size scale (< mm), it still can be moved with less effort than most solid fractions of a sediment. For that reason, there is the potential that faunal activity can move pore water at a higher rate than solid components. Such an interstitial convective transport of pore water should not be confused with the non-local transport by irrigation as defined above. Furthermore, the directions of these convective transport contributions are believed to be random and to happen on a small size scale similar to the bulk mixing of sediment. This allows us to describe the convective pore water transport as a diffusive process. The movements of meio-and macrofauna in canals or tubes randomly orientated within the sediment may also play an important role in this enhanced small-scale pore water transport. The effects of the movements of fauna, and for some species also their feeding behaviors, on the transport in sediments are still not fully understood, and surprising results are frequently published. For example, Aller & Aller (1992) showed that the meiofauna in marine muds can enhance the diffusive-like solute transport by a factor of approximately 2 relative to molecular diffusion. Glud et al. (1995) found that a smaller, but still significant, enhancement of the solute transport of 20% in surface sediments was attributed to meiofauna. Some studies also have focused on smaller organisms and their effects on the pore water transport in sediments. Östlund et al. (1989) studied sulfate-reducing bacteria and showed that the effective diffusion coefficients were 20% larger in microbially active sediments than in sterile ones. A more extreme example is given by Fenchel & Glud (1998) , who demonstrated that sulfateoxidizing bacteria in a limited micro-environment can stimulate solute transport by a factor of 40 relative to molecular diffusion.
In this study, we have investigated the diffusive-like transport of both solutes and solids in the same sediment in a series of tracer experiments involving both dissolved and solid tracers which were added or natu-
rally present in the sediment. Through inverse numerical modeling, independent estimates of D B were subsequently produced for both solutes and the solids. In order to show that the fauna responsible for the transport in our sediment is comparable to many other sediments, we also describe the meio-and macrofauna populations present at our study site. The enhanced pore water transport relative to the transport of solids could be included in a mathematical formulation by defining a new diffusivity for solutes to be added to D s and D B in Eq. (1). However, since this enhanced pore water transport is caused by faunal activity and is believed to be happening on a size scale comparable to that of bulk sediment mixing so that it can be described as a diffusive process, we have chosen to include the additional contribution in the existing formulation as bioturbation by defining 2 biodiffusivities, one for solids and a larger one for solutes.
METHODS
Study site and sampling. The experiment was conducted with sediment from a site located at 36 m water depth in Young Sound in Northeast Greenland (74°18.58' N, 20°15.04' W). For further details of the sampling site see Rysgaard et al. (1998) .
Sediment was collected in 30 cm long Plexiglas tubes that sampled 22 cm 2 of the seafloor. Only undisturbed sediment cores with clear overlying water and without large epifauna were kept for further processing. The sediment cores were immediately placed in an insulated box and brought back to the laboratory within 1 to 2 h. In the laboratory, a small Tefloncoated magnet (0.5 × 3 cm) was placed 5 cm above the sediment surface and the cores were submerged in a tank with in situ bottom water and kept in the dark at the in situ temperature of −1°C and at air saturation. The water in the cores was mixed by rotating the Teflon-coated magnets at 60 rpm, and all cores were pre-incubated for 24 h before further processing to minimize effects of any disturbances of the sediment during collection. Sediment characteristics. Porosity was determined from the sediment density and water content measured as weight loss after drying at 105°C for 24 h. This was done on sediment samples taken at 1 cm depth intervals from 4 cores. In addition, sediment from each depth interval was partitioned into various size fractions after the samples were dispersed in distilled water and briefly sonicated to disaggregate any clumps. This suspension was passed through 125, 63, and 36 µm sieves in order to collect the following particle size fractions of the sediment: >125, 63−125, 36− 63, and < 36 µm.
Tracer experiment with Br
-and glass beads. Br -was added to the incubation tank and mixed homogeneously with the water in each sediment core to achieve a concentration of approximately 20 mM. The large water volume in the incubation tank insured a constant Br -concentration in the water overlying the sediment throughout the tracer experiment. Immediately after the addition of Br -, 1 ml of spherical glass beads (~10 7 beads) with a diameter of 30 to 70 µm representing the average sediment grain size distribution (see later) was dispersed evenly on the sediment surface in each core. Prior to the tracer experiment the beads were soaked in in situ bottom water for 1 wk to obtain a biofilm on the surface.
At different times (10, 26, 48, 93, 148, 196 , and 240 h) after adding the 2 tracers a core was removed from the tank and immediately sectioned into sixteen 3−10 mm slices. Pore water was extracted from each slice through Watmann GF/F filters using a pneumatic squeezer (modified after Reeburgh 1967 ) and a pressure of 3 to 5 bar. The pore water samples as well as the solid sediment samples left in the pneumatic squeezer were immediately frozen (−18°C) for later determination of Br -and glass bead concentrations. One core (time 48 h) was discarded because a rock fragment was found 2 cm below the sediment-water interface when sliced.
The Br -concentrations were determined on an anion chromatograph equipped with an autosampler (Waters TM , 712 WISP) and a Waters type A column. Water samples taken prior to the tracer additions provided the background Br -concentration. The precision of the Br -determination was < 0.1 mM. The solid sediment samples were dispersed in distilled water, briefly sonicated to disaggregate any clumps, and then dried at 105°C for 24 h. Each sample was weighed and the number of glass beads were counted in triplicate subsamples (~0.5% of total weight) under an inverted microscope (100 ×: Olympus inverted microscope, Melville, NY). Standard errors of the subsample counts were < 6% (n = 3).
Concentration profiles and fluxes of O 2 . Six vertical O 2 concentration profiles were measured with a Clarktype O 2 microelectrode (Revsbech 1989) at 500 µm depth intervals in 3 sediment cores. Measurements were performed in the dark at the in situ temperature of −1°C and with an overlying water column of 2 cm aerated by a flow of atmospheric air to ensure sufficient stirring while measuring.
The exchange of O 2 between the water column and sediment was measured on 6 intact cores. The sediment cores were adjusted to give a height of the sediment and water column of ~10 and ~20 cm, respectively. The sediment cores were incubated in the dark at the in situ temperature, and the water column was continuously stirred during the flux measurements as in the pre-incubation period. At the start of the measurements a floating gas-tight lid (21.2 cm 2 ) was placed on top of the water column in each core. To minimize gas exchange between water and atmosphere, the lids were carefully removed only when water samples were collected. During incubation (24 to 48 h) changes in O 2 concentration in the water column never exceeded 20% of the initial O 2 concentration. Water samples were collected 4 to 5 times within the incubation period in order to verify a linear concentration change over time. The water samples were analyzed for the concentration of O 2 by Winkler titration within 12 h of sampling.
Estimation of D B from tracer experiment with Br -and glass beads. Eq. (1) was solved numerically using a control volume approach as described by Berg et al. (1998) . In short, the sediment column was divided into N horizontal layers, so-called control volumes, each with a grid point located in the center. It should be noted that a much higher resolution (large number of control volumes) was used in the numerical solution than when slicing the cores. The numerical solution allowed us to calculate a depth profile of C based on known (or guessed) values of ϕ, D s , D B , and the appropriate boundary conditions for C. A depth-dependent fit to the measured porosities was used to calculate a value of ϕ for each control volume, and values of D s were calculated from ϕ and the diffusivity in water (D) according to Iversen & Jørgensen (1993) 
where M is the total number of measured concentrations per core, Br -mi is the measured concentration, Br -i is the corresponding calculated concentration interpolated to the same depth as Br -mi . This repetitive process of calculating profiles of Br -and adjusting D B was continued until SSE Br reached a minimum value. For further details on how this minimization process was performed automatically, see Berg et al. (1998) .
With 1 exception, a value of D B was estimated for each glass bead profile in the same way. Since the glass beads were only found in the top layer of the sediment (see later), we averaged the calculated concentration of glass beads over the same depth intervals as used when slicing the cores before the squared deviation was determined. With this difference, the squared deviation was defined as: (4) where M is the total number of slices of sediment per core, B mi is the number of glass beads counted per unit mass of solid sediment, andB i is the calculated mean number of glass beads per unit mass of solid sediment in the depth interval defined when slicing the cores.
Estimation of D B from concentration profiles and fluxes of O 2 . D B was also estimated in the top of the sediment by comparing the mean flux calculated from the measured O 2 profiles with the O 2 flux measured in the cores. Each of the 6 measured O 2 profiles was used as input to the profile interpretation procedure of . This procedure first determined an appropriate fit to the measured O 2 profile based on F-statistics, and from that the O 2 consumption rate as a function of depth and the flux over the sediment-water interface. Although the transport by molecular diffusion and bioturbation both can be included in the interpretation procedure, only molecular diffusion was taken into account. This means that the flux over the sediment-water interface (F cal ) as it was calculated in the profile interpretations can be expressed as F cal = -ϕD s (dC/dx) x = 0 . If bioturbation was the only significant transport in addition to molecular diffusion (see 'Discussion') and if bioturbation had been included in the interpretations, a flux equal to the measured flux (F meas ) should have been calculated. This flux can be expressed as F meas = -ϕ(D s + D B )(dC/dx) x = 0 . Since the same approximations of (dC/dx) x = 0 would have been estimated in these hypothetic interpretations including bioturbation as in the interpretations where only molecular diffusion was taken into account, the following expression for D B can be derived from the formulated fluxes F cal and F meas : Pb reported by Rysgaard et al. (1996 Rysgaard et al. ( , 1998 for the same sediment as used in this study. Burial effects were neglected in these profile interpretations, assuming that the shape of the 210 Pb profiles in the upper sediment layers was primarily the result of bioturbation (see discussion later). Under this condition, the 1-dimensional and steady-state mass conservation equation for 210 Pb is:
where B is the radioactivity of 210 Pb and λ the decay constant of 210 Pb (Berner 1980 , Boudreau 1997 , Mulsow et al. 1998 . D B was estimated in a minimization process equivalent to the one applied for the Br -profiles. As part of this process, Eq. (6) was solved numerically using the same control volume approach as used for Eqs (1) & (2).
Identification and quantification of meiofauna. In order to compare the studied sediment with respect to the fauna responsible for the bioturbation to other sediments, the meiofauna population was identified and quantified. Data for larger animals were taken from Sejr et al. (2000) , who described the macrofauna on our site.
One of the collected sediment cores was fixed with 5% formalin buffered with borax and stored for later analysis of the meiofauna. The stain Rose Bengal was added to a subsample of the upper 5 cm of the sediment in order to distinguish live foraminifers from those that were dead when the core was collected (Wollenburg & Mackensen 1998) . The subsample was sieved wet using 1000, 125, 50, and 30 µm sieves. The sediment retained in the 1000 µm sieve was disregarded, while the fractions left in the other sieves were mixed with distilled water and examined using a Zeiss stereomicroscope at 40× magnification. Voucher specimens were collected and identified using a phase contrast or differential interference contrast microscope.
Permanent whole-mounts were produced by adding droplets of glycerol of increasing concentrations to the fixative containing the meiofauna, letting the water evaporate, and finally sealing the whole-mounts with Glyceel ® . To estimate population sizes, additional distilled water was added to the sediment fractions retained in the 125, 50 and 30 µm sieves to give total volumes of 100 ml. The mixtures were stirred to suspend all particles, 3 subsamples of 200 µl were taken from each mixture, and the meiofauna were identified and counted using a differential interference contrast microscopy. Based on the average numbers of meiofauna in these subsamples and also on the number of meiofauna preserved in the whole-mounts, the total number of meiofauna was estimated for the upper 5 cm of the sediment.
RESULTS

Sediment characteristics
The porosity (Fig. 1A ) decreased with depth from 0.78 in the top 1 cm of the sediment to an almost constant value of 0.63 at approximately 4 cm. The porosity profile was fitted with a exponential decay function, which gave a fit of 0.631 + 0.207 exp(−1.02x) (R 2 = 0.92), where x is given in cm. The particle size distribution (Fig. 1B) in the sediment was relatively constant with depth, with clay (< 36 µm) being the most dominant fraction (~55%). Silt (36−63 µm) and very fine sand (63−125 µm) each contributed about 17%, and approximately 10% was coarser particles (>125 µm). (2) were determined from the porosity fit (Fig. 1A) . The molecular diffusivity for Br -in water (D) was calculated to be 9.43 × 10 -6 cm 2 s -1 from the measured water temperature of −1°C during the tracer experiment and the temperature correlation given by Boudreau (1997) . The sediment diffusivity (D s ) as a function of depth was calculated as D s = D/[1 + 3(1 − ϕ)] according to Iversen & Jørgensen (1993) . The average measured water column Br -concentration of 21.3 ± 0.1 (1 SE) mM (n = 6) was used as the top boundary condition, which was imposed at a height over the sediment-water interface equal to the thickness of the diffusive boundary layer (DBL). The large water volume in the incubation tank to which the Br -was added A Br -concentration of zero was used as a lower boundary condition and also as the initial condition (t = 0). A zero flux was specified for the glass beads as the upper boundary condition at the sediment-water interface. As the initial condition (t = 0), all glass beads were 'added' to the top control volume (∆ x 1 = 0.05 cm) right below the sediment surface, while a concentration of zero was specified for all other depths. A fixed concentration of zero was imposed as the lower boundary condition. The numerical solutions were done with a time step (∆t ) of 60 s and with a discretization of the sediment column (10 cm) into 100 control volumes for the Br -calculations and 200 in the calculations for the glass beads. As shown later, this resolution in time and space was found to be more than adequate to give precise numerical solutions.
Following the outlined minimization process, a D B value was found for each core for both Br -and glass beads. In this first set of calculations, it was assumed that D B was constant with depth. The results for all 6 cores are shown in Fig. 2 . Note the development in time of the Br -profiles, and also how much deeper the Br -profiles penetrate compared to the glass bead profiles. This difference is in part due to molecular diffusion, but also to a significant difference between D B for Br -and D B for the glass beads, which on average were estimated to be 3.3 ± 1.5 × 10 -6 (1 SE) and 2.8 ± 1.5 × 10 -7 (1 SE) cm 2 s -1 , respectively. All calculated concentration profiles fit the measured profiles well, with an average R 2 value of 0.984 for Br -and 0.973 for the glass beads.
Since some of the Br -profiles had a relatively large penetration depth (8 cm for profile F), we tried to refine the estimates of D B values for solutes to include any variation with depth. In a new series of calculations, the 10 cm sediment columns were separated into 2 cm Berg et al. (1998) . The average values of D B for the 2 cm depth intervals are shown in Fig. 3 . Due to the variable penetration depth of the Br -profiles, the number of estimated D B values for each depth interval decreased with depth, and no D B values were found for the lowest interval (8 to 10 cm). These results suggest that there was a maximum in D B below the sediment-water interface and that D B decreased below this maximum. The maximum might be explained by a subsurface maximum abundance of meiofauna, which has been found in other Arctic sediments (Newton & Rowe 1995 . The measured mean O 2 profile penetrated approximately 1.5 cm into the sediment (Fig. 4A) cm 2 s -1 at 0ºC (Broecker & Peng 1974) and porosities calculated from the fit shown in Fig. 1A . The calculated mean concentration profile (Fig. 4A) provided an excellent fit to the measured mean profile (R 2 = 0.998). The average flux across the sediment-water interface was calculated to be 4.1 ± 0.5 (1 SE) mmol m -2 d -1 (Fig. 4B ) in the interpretations that only accounted for molecular diffusion. An average flux that was 60% larger (6.5 ± 1.0
) was found in the 6 O 2 flux measurements in cores (Fig. 4B) . With a value of ϕ of 0.84 in the top of the sediment (Fig. 1A) and a diffusivity of O 2 in water of 11.7 × 10 -6 cm 2 s -1 (see above), D s was calculated to be 7.9 × 10 -6 cm 2 s -1 (Iversen & Jørgensen 1993 . The calculated mean O 2 consumption rates from these interpretations are shown in Fig. 4A . The highest consumption rate was found right below the sediment-water interface, and was probably caused by a recent input of fresh organic matter from a phytoplankton bloom.
D B estimated from from 210
Pb profiles
Despite some scattered variation in the 2 profiles of unsupported 210 Pb (Fig. 5 , Rysgaard et al. 1996 Rysgaard et al. , 1998 , they both show clearly a linear decrease with depth in the upper part of the sediment followed by a transition zone where the decline becomes significantly steeper. An initial visual interpretation of this characteristic shape of the profiles suggests a near-constant D B in the upper part of the sediment. This interpretation is based on the analytical solution to Eq. (6) given by an exponential decaying function that assumes that D B and ϕ are constant with depth and will appear as a straight line in Fig. 5 due to the logarithmic x-axis. Furthermore, the steeper decline at the bottom of both 210 Pb profiles relative to the upper part of the sediment reflects a significant decrease in D B , and it is possible that the profiles at this depth primarily are the result of burial effects rather than of bioturbation. This much steeper decline can be interpreted as representing an upper limit for the influence of burial effects on the 210 Pb profiles. Such an interpretation also indicates that bioturbation was the dominant transport in the upper part of the sediment and that the exclusion of burial effects in Eq. (6) is an appropriate assumption when applied to the surficial sediment layers.
In the estimates of D B from the 210 Pb profiles, as average values for the upper part of the sediment, only the measurements in the top 6 cm were taken into account. Furthermore, 2 measured data points for 1 of the profiles were considered to be outliers and were excluded from the estimates (Fig. 5B) . The depth-dependent values of ϕ required in the numerical solutions of Eq. (6) were determined from the porosity fit (Fig. 1A) . The numerical solution was done with a discretization of the sediment column into 200 control volumes which had an extent of 0.12 cm in the top 12 cm, and at larger depths gradually increased until a total depth of 1 m below the sediment surface was reached. This relatively large depth was included in the calculations to ensure that the lower boundary condition, a radioactivity of zero, was correctly imposed. Since no precise information was available on the upper boundary condition at the sedimentwater interface, this condition was included as a variable in the optimization process. Thus, 2 variables were found by optimization for each profile: the radioactivity of unsupported 210 Pb at the sedimentwater interface used as the upper boundary condition, and D B for the upper 6 cm of the sediment. A decay constant for 210 Pb (λ) of 0.0315 yr -1 was used in these estimates. As shown later, the chosen discretization of the sediment column was found to be more than adequate to give a precise numerical solution. The 2 fits to the measured , respectively. The 2 fits appear as straight lines in Fig. 5 except for the small curvature directly below the sediment surface, which represents the effect of the depth-dependent porosity.
Abundance of meio-and macrofauna
The abundance of meiofauna including foraminifers was estimated to be 2.3 × 10 6 ind. m -2 . Foraminifers made up 63% of the meiofauna population, while nematodes accounted for 27%, copepods 5%, and annelids 5%. Platyhelminths and other crustacea were present in lower numbers. Nematodes dominated the metazoan meiofauna. The foraminifers were agglutinated species, such as Labrospira sp. Pb (dots). The 'best fitting' profiles (lines) were calculated from measurements in the top 6 cm of the sediment and assuming that all particle transport was caused by bioturbation found in shallow waters with a relatively high production (J. E. Wollenburg pers. comm.). The average abundance of macrofauna as reported by Sejr et al. (2000) was 745 ± 275 (1 SE) ind. m -2 (n = 10). Seventy percent belonged to the group Polychaeta, 10% to the molluscs, 8% to the crustaceans, 3% to the echinoderms, and 9% to miscellaneous taxa. Polychaetes were dominated by Cirratulus cirratus, Cirratulus sp., Maldane sarsi, Lumbriclymene minor, and Terebellides stroemi, which together constituted 28% of the total macrofauna. Other abundant species included the bivalves Hiatella arctica and Astarte spp., which were estimated to be 53 ± 17 (1 SE) and 11 ± 4 (1 SE) ind. m -2 (n = 10), respectively. From underwater photos, the abundance of brittle stars (mainly Ophiocten sericeum) was estimated to be 98 ± 11 (1 SE) ind. m -2 (n = 10) (Sejr et al. 2000) . The abundance of all tube-dwelling species potentially capable of irrigating their tubes (mainly M. sarsi, L. minor and T. stroemi) was approximately 260 ind. m -2 .
DISCUSSION
Our initial plan for this study was to include sediment cores in the incubation experiment with Br -and glass beads where all animals were killed. This would allow us to calculate D B for the 'killed' cores, where we would expect values close to zero as a control of our experimental design and modeling approach. We determined, however, that it was not possible to kill all animals without altering the sediment structure given the methods available at the remote field station at Young Sound. Commonly used methods such as maintaining the sediment cores under anoxic conditions for some time would kill only a fraction of the animal community. For example, nematodes, which were abundant in the sediment, and other groups of meiofauna are tolerant of anoxic conditions (e.g., Fenchel & Riedl 1970 , Bernard & Fenchel 1996 , Moodley et al. 1997 , Vopel et al. 1998 , Gustafsson & Nordberg 1999 . Also, moderate heating of the sediment would unlikely kill all animals. The thermal tolerance of marine meiofauna is poorly explored. However, survival of a marine nematode exposed to temperatures of 45°C has been reported (Wieser et al. 1974) . Furthermore, some individuals in their resting or encysted stages can tolerate very high environmental stress (e.g., Clegg 1997 , Pati et al. 1999 . The 2 values are, in a statistical sense, equal to the estimate from the glass bead profiles. It should also be emphasized that the small difference between these 2 values does not reflect the level of uncertainty in the interpretations of the 210 Pb profiles, which is considered to be significantly larger.
To our knowledge, such a difference in D B values for solutes and solids for the same sediment has not been reported previously. We have verified our results by carefully evaluating different aspects and assumptions in our methodology.
Artifacts in the slicing process
The sediment cores were sliced in an upright position and the slicing was started at the sediment-water interface and then continued down through the sediment. In this process the sediment was pushed upward through the Plexiglas tubes by a piston controlled by a screw (1 mm turn -1 ). We have considered 2 possible artifacts associated with the slicing process. Firstly, if there was leakage between the piston and the tube it could allow the pore water to drain down through the sediment, making the Br -profiles appear to extend deeper into the sediment than their true position. The result would be an overestimation of D B for solutes. However, the sediment on our site was very compact and consisted primarily of clay (Fig. 1B) , which would prevent such drainage. We observed that even when the bottom of the Plexiglas tube was not closed by the piston, or a rubber stopper, no drainage occurred. Secondly, if sediment was mixed accidentally during the slicing, perhaps caused by a small stone or shell, the profiles of both Br -and glass beads also would appear to extend deeper into the sediment than their real position. Such an artifact would obviously have led to an overestimation of the D B values for both solutes and solids. That all Br -profiles were relatively smooth and, more importantly, that all the glass bead profiles (Fig. 2G−L) had a small penetration depth indicate that such mixing did not occur. However, our strongest argument against such an artifact in the slicing process is that similar D B values were estimated independently for both solutes and solids. For these reasons we believe that our measured concentrations of both Br -and glass beads represent their true values at the particular depths and times when the cores were sliced.
Test of the numerical solution
The numerical solution of Eqs (1), (2) & (6) was produced specifically to be used in this study. Since a correct working and precise numerical solution obviously is required for obtaining reliable estimates of D B , we have verified the solution in several tests. In the first test, we compared the numerical solution against an analytical solution describing a transient concentration profile for a solute or solid that is transported down into a sediment by diffusion, or a diffusive-like transport, driven by an elevated and constant concentration at the sediment-water interface. This analytical solution can be found in the large selection of analytical solutions for diagenetic problems published by Boudreau (1997) . Since the analytical solution demands a constant porosity with depth, we used a value of 0.63, equivalent to the fitted porosity at larger depths (Fig. 1A) , and we compared the 2 solutions at the time when the first core was sliced (10 h). The maximum deviation between the Br -profiles calculated by the numerical and the analytical solutions was less that 0.05% of the concentration specified at the sedimentwater interface (21.3 mM). A similar good agreement was found for the glass beads. The requirement of a constant porosity with depth in the analytical solution does not fit well with our measured porosities, which show a clear depth dependency (Fig. 1A) . In a second test we showed that this depth variation also was well represented in our numerical solution with the spatial resolution (N, the number of control volumes) we used. With a resolution that was refined by a factor of 2 in both space (to N = 200 for Br -profiles and N = 400 for glass bead profiles) and time (to ∆ t = 30 s), we recalculated the same 2 D B values within 0.4% for the core that was sliced at time 10 h. A similar result was obtained in an equivalent test of the discretization used in the numerical solution of Eq. (6). In addition to serving as a control for our numerical solution, these tests illustrate the high precision with which the 3 mass conservation equations (Eqs 1, 2 & 6) were solved.
Uncertainties in the measured porosity and sediment diffusivity
The average measured porosity in the top 1 cm of the sediment (Fig. 1A) diverged from, and had a larger standard error than, the porosities deeper in the sediment. The measured decrease in the porosity with depth is commonly found in marine sediments, and the larger standard error in the top 1 cm probably reflected natural variation, as well as difficulties in measuring porosities near the sediment surface. Since the porosity was a variable in Eqs (1), (2) Fig. 2 were recalculated with porosity 'fits' that were changed from the original fit ± 2.5 × the upper standard error near the sediment-water interface (dotted lines in Fig. 1A ). With this variation, the mean D B value estimated from the Br -profiles changed 27% from its original value. The equivalent change for the mean D B value for the glass bead profiles was only 10%. Even with such a variation in porosity (Fig. 1A) , which probably is larger than the natural variation in the sediment, the calculated changes in D B values were insignificant compared to the large difference between the estimated D B values from the Br -and glass bead profiles. In a similar analysis, it was determined that the same variation in the porosity affected the D B values estimated from the two , which was calculated from the temperature correlation given by Boudreau (1997) (−1°C) . If a direct linear regression to the measurements of Li & Gregory (1974) (at 0, 18, and 25°C, R 2 = 1.000) were used instead, the calculated diffusivity would have been 10.03 × 10 -6 cm 2 s -1
, which is 6% larger than the value we used originally. With the approximation of Iversen & Jørgensen (1993) , D s was calculated to be 6.37 × 10 -6 and 4.47 × 10 -6 cm 2 s -1 for the very top of the sediment (ϕ = 0.84) and for the deeper sediment layers (ϕ = 0.63), respectively. Boudreau (1997) 
Bioturbation versus irrigation
Irrigation (i.e., the exchange of pore water and bottom water caused by pumping activity of tubedwelling animals) can enhance the transport of solutes in sediments significantly (Aller 1983 , Pelegri et al. 1994 . By including all tube-dwelling species potentially capable of irrigating their tubes, the density of such animals was estimated to be 260 ind. m -2
. We have evaluated whether or not irrigation could explain some of the large difference between the estimated D B values for the dissolved and solid tracers.
Irrigation is a multi-dimensional transport phenomenon (Aller 1980 ). However, it is possible to include irrigation in 1-dimensional formulations such as Eq. (1) by adding the non-local source-sink function ϕα(C 0 -C) suggested by Boudreau (1984 Boudreau ( , 1997 to the right-hand side of the equation, where α is the irrigation coefficient and C 0 is the bottom water concentration. This function, or term, does not express any diffusive or diffusive-like transport such as molecular diffusion or bioturbation. Profiles that develop under a strong influence of irrigation have a different shape than profiles established due to diffusive transport (Matisoff & Wang 1998) , and there is often a local maximum at a certain depth (Rasmussen et al. 1998 , Forster et al. 1999 . The shape and smoothness of the Br -profiles indicate that diffusion or a diffusive-like transport process was the dominant one in the sediment. The fact that all the individual O 2 profiles also were very smooth (no abrupt changes in the error bars, Fig. 4A ) supports this argument. It should be noted that the O 2 profiles were measured on a much finer scale than the Br -profiles, and while the Br -numbers represent average values for each slice of sediment, the O 2 values are true point measurements. The smoothness of the O 2 profiles indicates not only that they were established by a diffusive-like transport, but also that the contribution from bioturbation was primarily a result of the activity of smaller animals (meiofauna).
We did not observe any tube-dwelling animals or worm holes when the cores were examined prior to the tracer experiment and the O 2 profile-flux measurements, nor was there any evidence of larger animals found when the cores from the tracer experiment were sliced. However, given the abundance of 260 worms m -2 , there should have been 1 individual in every second core (area ~22 cm 2 ). If we overlooked a worm hole in one of the cores, it was small (<1 mm) and probably located in one of the cores used for O 2 flux measurements, since all other cores were subject to a closer inspection, either during the slicing process or prior to the O 2 profile measurements. Therefore, it was estimated how much an active worm that keeps its tube fully ventilated with O 2 -rich water from the water column could enhance O 2 uptake by the sediment. For this estimate, we used an analytical solution (see Appendix 1) for the steady-state, 1-dimensional radial transport of O 2 through a tube wall. The necessary input parameters were determined as follows: Based on the measured O 2 fluxes of 6.5 mmol m -2 d -1 (Fig. 4B ) and a penetration depth of 1.5 cm (Fig. 4A) , an average value of the O 2 consumption rate (−R) of 5.0 pmol cm -3 s -1 was assumed. A value of D B of 4.6 × 10 -6 cm 2 s -1 was used as it was found from both the Br -profiles and the O 2 profile-flux comparisons. Based on a average value of ϕ of 0.7, and a diffusivity of O 2 in water of 11.7 × 10 -6 cm 2 s -1 (see above), D s was calculated to be 6.2 × 10 -6 cm 2 s -1 according to Iversen & Jørgensen (1993) . The measured water column O 2 concentration (C 0 ) of 389 µM was used, and the tube depth (L) and tube radius (r 1 ) were assumed to be 2 and 0.05 cm, respectively. With these values, the horizontal penetration depth (r 2 ) where all O 2 is consumed was calculated to be 0.74 cm (Eq. A5), and the total O 2 uptake through the tube wall was calculated to be 1.5 µmol d -1 (Eq. A7). This is equal to 11% of the measured average O 2 uptake per core of 14 µmol d -1 (Fig. 4B ). Recall that only 1 individual was expected in every second core if all potential irrigating animals were accounted for, and in addition, that no larger worms were observed when the cores were examined. From this perspective we evaluate that irrigation from 1 or perhaps 2 smaller worms that might have been overlooked could not significantly influence the estimated D B value for solutes.
Accuracy of the estimated D B values
The estimated D B value for solutes of 4.6 ± 1.0 × 10 -6 (1 SE) cm 2 s -1 was found using 2 independent methods and was validated by sensitivity analyses and evaluations of possible artifacts associated with our methods. In addition, this D B value agrees well with the enhanced pore water transport, a factor of approximately 2, caused by the movement of meiofauna found by Aller & Aller (1992 Pb profiles (Fig. 5) contained some scattered variation which adds to the uncertainty in their interpretation. However, a comparison with other studies where D B also was estimated from solid tracers supports our findings. Using an average burial velocity (w) on the study site of 0.23 cm yr -1 ) and the regression for D B versus w derived by Boudreau (1994 Boudreau ( , 1997 gives a D B value of 1.8 × 10 -7 cm 2 s -1 . If the regression suggested by Middelburg et al. (1997) 
CONCLUSION
The results of this study show that the transport of solutes by bioturbation was equally as important as molecular diffusion (D s~ D B for solutes, Fig. 6 ), and that bioturbation had a significantly greater effect on solutes than on solids. This is reflected in the estimated D B values; the value for solutes was 15 to 20 times larger that the value for solids. The D B values for both solutes and solids were estimated using 2 independent methods that statistically gave the same results, which together with a detailed evaluation of the methodologies and assumptions used served as a validation of these estimates.
In one of the methods for estimating D B for solutes, the ratio between O 2 fluxes from direct measurements and fluxes from interpretation of O 2 concentration profiles was used. This new approach worked successfully, and compared to more laborious tracer experiments, it proved to be a good alternative for predicting the level of bioturbation for solutes in the surficial sediment layer.
All O 2 profiles were measured on a fine scale of 0.05 cm, and each individual profile as well as the point-to-point variation within each profile exhibited a very smooth curvature. This smoothness suggests that the transport of O 2 by bioturbation down through the sediment was primarily a result of the activity of meiofauna rather than of larger animals.
The abundance of meiofauna (2.3 × 10 6 ind. m -2
) and composition of taxa are comparable to other findings for subtidal marine muddy sediments (Jensen 1983 , Rudnick et al. 1985 . As in most other marine sediments, nematodes dominated the metazoan meiofauna (McIntyre 1969) . Based on these key characteristics, we believe that our results are not only limited to this site, but also may apply to many other marine sediments.
It is generally recognized that bioturbation can be described mathematically as a diffusive process. We recommend that this formulation be extended to include 2 different biodiffusivities, one for solutes and one for solids.
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The steady-state 1-dimensional transport of a solute C along a radius r yields:
where R is the net rate of production (or consumption if R is negative) per unit volume of sediment (Boudreau 1997) . 
where the subscripts n + 1 and n refer to the new and the previous value of r 2 , respectively. The iteration can, for example, be initiated with a value of r 2 of 2 × r 1 . After r 2 is found, the arbitrary constants, A and B, can be calculated from:
The total O 2 uptake due to irrigation (F irr ) can be estimated using Eq. (A3) for the flux through the tube wall and the symbol L for the depth of the fully irrigated tube as:
Near the sediment-water interface the horizontal diffusive transport of O 2 through the tube wall and into the sediment is superimposed by a vertical transport over the sediment-water interface. The total transport in this part of the sediment around the top of a tube wall is truly 2-dimensional (r and x), and by using the 1-dimensional formulation we might overestimate the effect of irrigation. The assumption that the tube is fully ventilated at all times (the steady-state assumption), so that the concentration on the tube wall persistently equals C 0 , will probably also lead to an overestimation. However, the analytical solution is only used in a first-order estimate of the effect of irrigation on O 2 uptake by the sediment. 
